It is shown, using results of direct numerical simulations, laboratory experiments, measurements in the atmospheric boundary layer and satellite infrared radiances data, that the temperature fluctuations in atmospheric free convection can be well described by the distributed chaos approach based on the Bolgiano-Obukhov phenomenology.
The deterministic chaos in the atmospheric motions was also discovered on a simple model of free convection [4] (see for a recent review Ref. [5] ). In present paper the deterministic chaos approach has been generalized on the case with randomly fluctuating parameters and takes the form of distributed chaos, that allows consideration of thermal convection with large Rayleigh (Reynolds) numbers typical for atmosphere. This consideration is based on the Bolgiano-Obukhov phenomenology [6] - [9] and supported by comparison with direct numerical simulations, laboratory experiments and atmospheric measurements.
In Section II the free convection in the Boussinesq approximation and the Kolmogorov-Bolgiano-Obukhov approach for the inertial-buoyancy range have been considered both for unstable and stable stratification. In Section III the Bolgiano-Obukhov distributed chaos has been introduced. In Section IV results of laboratory experiments for large Rayleigh numbers have been discussed and compared with the predictions made for the Bolgiano-Obukhov distributed chaos. In Section V these predictions have been compared with results of measurements made in the atmospheric boundary layer (over sea and land) and with results of satellite infrared radiances measurements over a planetary-scale tropic area.
II. FREE CONVECTION
The buoyancy driven convection in the Boussinesq approximation is described by equations [10] ∂u ∂t
where θ is the temperature fluctuations over a temperature profile T 0 (z), p is the pressure, u is the velocity, e z is a unit vector along the gravity direction, g is the gravity acceleration, H is the distance between the layers and ∆ is the temperature difference between the layers, ρ 0 is the mean density, ν is the viscosity and κ is the thermal diffusivity, σ is the thermal expansion coefficient. For the unstable stratification S = +1 and for the stable stratification S = −1.
These equations at ν = κ = 0 have an invariant
where V is the spatial volume (see, for instance, Ref. [10] ). Then, corresponding generalization of the Kolmogorov-Bolgiano-Obukhov approach for the inertial-buoyancy range of the spatial scales [8] provides a relationship between characteristic temperature fluctuations θ c and the characteristic wavenumber scale k c
where the generalized dissipation rate
... denotes spatial averaging.
When the buoyancy forces dominate over the inertial forces (see for the stable stratification Ref. [8] and for the unstable one Refs. [11] - [13] ) one can use
instead of the ε and then one obtains
instead of the relationship Eq. (5).
III. DISTRIBUTED CHAOS
For the bounded and smooth dynamical systems the exponential frequency spectrum
is usually associated with deterministic chaos (see, for instance, Refs. [14] - [18] ). For the spatial (wavenumber) domain this spectrum is replaced by the spectrum
(see, for instance, Ref. [14] and references therein).
In the buoyancy driven unstably stratified thermal convection at the Prandtl number P r = ν/κ ∼ 1 transition to turbulence occurs at the Rayleigh number Ra ∼ 10 6 [19] . Figure 1 shows (in the log-log scales) power spectrum of temperature fluctuations at P r = 1 and Ra = 6.6 × 10 6 obtained in a direct numerical simulation reported in Ref. [20] (the spectral data were taken from the Fig. 11 of the Ref. [20] ). Two branches of this spectrum correspond to different number of the Fourier modes: the upper branch to a small number whereas the lower branch corresponds to the most of the modes. Therefore, the only lower one has a physical significance. The dashed curve in the Fig. 1 indicates the exponential spectrum Eq. (10). The dotted arrow indicates position of the k c .
Transition to turbulence usually results in fluctuations of the parameter k c . These fluctuations can be taken into account by an ensemble averaging
The stretched exponential in the right-hand side of the Eq. (11) is generalization of the exponential spectrum Eq. (10) . An estimation of the asymptotic (at large k c ) behaviour of the probability distribution P (k c )
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FIG. 1: Power spectrum of the temperature fluctuations at P r = 1 and Ra = 6.6 × 10 6 (onset of the convective turbulence). (where γ is a constant) can be made from the Eq. (11) [21] .
The Eqs. (5) and (8) can be considered in a general form
When θ c has a Gaussian distribution [8] relationship between parameters α and β β = 2α 1 + 2α (14) follows immediately from the Eqs. (12) (13) .
For the Eq. (5) α = 1/3, hence β = 2/5 and For the Eq. (8) α = 1/5, hence β = 2/7 and
IV. LABORATORY EXPERIMENTS
In the laboratory experiments the frequency spectra are usually obtained instead of the wavenumber ones. Figure 2 , for instance, shows power spectrum of the experimentally observed temperature fluctuations for the Rayleigh-Bénard convection (unstable stratification) in a cylindrical cell with P r = 0.8 and at very high Rayleigh number Ra = 1.35 × 10 14 (the spectral data were taken from Fig. 2 of the Ref. [22] ). This is a frequency spectrum. However, in the case of free convection the mean flow velocity U 0 , usually used for the Taylor hypothesis [8] , [14] relating f and k: f = U 0 k/2π, can be replaced by a characteristic velocity of advection by the energy-containing eddies past the probe [23] , [24] (see also Ref. [25] and references therein) and we should compare this spectrum with the Eq. (15). The dashed curve in the Fig. 2 indicates correspondence to the stretched exponential Eq. (15) . Figure 3 shows power spectrum of the temperature fluctuations observed in analogous experiment but for considerably smaller Rayleigh number Ra = 2.05 × 10 11 . The dashed curve in the Fig. 3 indicates correspondence to the stretched exponential Eq. (16).
V. ATMOSPHERIC THERMAL CONVECTION
The Ref. [2] reports results of measurements of the temperature fluctuations in the near free convection (at unstable stratification) by a fixed probe over sea surface (the height of the tower was ∼ 12m above the sea surface). The weather was calm and the sea surface was aerodynamically smooth. In the air the r.m.s. horizontal velocity fluctuations were comparable to the wind gusts. Results for four data sets obtained during a day were reported: two with comparatively high temperature fluctuations and two with low ones. Figure 4 shows the four power spectra of the temperature fluctuations corresponding to the four data sets (the spectral data were taken from Fig. 1c of the Ref. [2] ). The solid straight line is drawn to indicate the "-5/3" power law for the strong fluctuations case [8] , whereas the curved solid line is drawn to indicate the stretched exponential Eq. (16) for the weak fluctuations case (see previous Section about applicability of the Taylor hypothesis for the free convection).
The Ref. [3] reports results of measurements of the temperature fluctuations in the near free convection over land. The measurements were produced by 'Eddycovariance' tower (at 2.29m height) and Sodar/RASS system in the morning hours (from 07:35 to 08:40 UTC) over a corn field. Moderate to high buoyancy fluxes and a drop of the wind speed result in domination of buoyancy over shear. The occurrence of large-scale turbulence structures (plumes) were registered. The free convection conditions occur at about 50 percent of the 92 days of the measurement period. Figure 5 shows power spectrum of the temperature fluctuations (the sonic spectral data were taken from Fig. 6h of the Ref. [3] ). The dashed line is drawn to indicate the stretched exponential Eq. (16) and the dotted arrow indicates position of f β .
It is well known (although not well understood) that the free-like convection behaviour can be often observed under conditions which seems to be rather different from the free ones. Figure 6 , for instance, shows power spectrum of the temperature fluctuations airborne measured in the Weastern Atlantic ocean at 50m level above the water surface during cold air outbreaks [26] . The measurements were made in near-shore areas of roll vortices and cloud streets under considerable mean wind shear. The alongwind-sampled spectral data were taken from Fig. 4 of the Ref. [26] (f is the frequency normalized by Z/V a , where Z is the height and V a is the relative velocity between the aircraft and air). The dashed line is drawn to indicate the stretched exponential Eq. (16) .
The geostationary satellite infrared radiances data for spatial range of scales from 100km up to 5000km can also be viewed as a result of a nearly free convection. At this case the winds can be approximately considered as an internal part of the large-scale thermal convection, especially for geographical scenes located not too far from the equator where the Coriolis forces can be neglected as well. Figure 7 shows wavenumber power spectrum corresponding to these conditions (the spectral data were taken from Fig. 2 of Ref. [27] ). The spectra were computed using 1386 images from the infrared channel sensitive to temperature at the top of clouds over area with longitudes 80 o E-200 o E and latitudes 40 o S-30 o N and with resolution 30 km. The data were obtained by the geostationary MTSAT satellite (see Ref. [28] and references therein). The dashed line in the Fig.  7 is drawn to indicate the stretched exponential Eq. (16).
VI. CONCLUSIONS
The Bolgiano-Obukhov phenomenology appears to be adequate for the atmospheric free convection in the atmospheric boundary layer (both over land and sea) when it is considered in the frames of the distributed chaos approach. Moreover, it can be also applied to the atmospheric data for the temperature fluctuations even in some cases when the free convection conditions are not satisfied and over the large-scale tropic areas when the winds can be considered as a part of the planetary-scale convection (though the radiative processes should be also taken into account in this case).
